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OPTIMIZING CACHE EFFICIENCY WITHIN 
APPLICATION SOFTWARE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to memory sys 

tems, and more particularly to optimizing memory utiliZa 
tion for a requesting processor. 

2. Related Art 
Processors are becoming exceptionally fast, often oper 

ating at speeds of hundreds, if not thousands, of millions of 
cycles per second. Memory speed has also increased, but is 
still sloW relative to processor speed. In order to alloW 
processors to use all of their poWer and speed, a high-speed 
memory knoWn as cache is used as the interface betWeen the 
fast processor and the sloWer main memory. When cache 
memory is built into the processor itself, it usually runs at the 
same speed as the processor. External caches typically run 
sloWer than the processor, but faster than the speed of main 
memory. Without cache, the processor must read and Write 
directly to the main system memory, Which limits the 
processor’s maximum speed to that of the memory. 

Cache memory is most often divided into an Instruction 
Cache (ICache) and Data Cache (DCache). Because the 
processor tends to access instructions (Which comprise the 
program that is being executed) in a different manner than it 
accesses the data that is used by the program, keeping the 
ICache separate from the DCache improves system effi 
ciency. 

Cache memory is generally much larger than standard 
memories, such as DRAM, due to the requirements for more 
speed and extra tag information. It is dif?cult to meet timing, 
routing and poWer requirements of the processor When very 
large caches are used. The siZe of the chip usually increases 
When a larger cache is integrated, Which increases the cost 
of the chip. System and processor designers must strike a 
balance betWeen performance related to cache siZe and the 
total cost of the processor or system. As a result, the cache 
is usually kept to a fairly small siZe from 4-to-256 kilobytes, 
especially for the cost-sensitive embedded systems market. 
As the cache siZe shrinks, issues like cache utiliZation and 
ef?ciency become very important. In some cases, additional 
hardWare can be added to address the problem, but in most 
cases, hardWare siZe must be limited. Therefore, there is a 
need to ?nd more e?icient manners to use the available 
cache. 

While the siZe and cost of the processors are being driven 
doWn, the siZe and complexity of the applications running on 
those processors are groWing. The demands for multimedia 
and broadband communications applications are stressing 
system components to their maximum, fueling the demand 
for more poWer and speed. Except for the most trivial 
applications and the most high-end processors, the siZe of 
the application almost alWays exceed the capacity of the 
cache memory. 

It is not uncommon to see embedded systems applications 
that exceed tWo megabytes. PC-based applications can be 
tens of megabytes or larger. HoWever, a very small percent 
age of the code usually executes mo st frequently. Quite often 
this code can ?t Within the cache. Even so, it is possible for 
this small portion of code to make very inef?cient use of the 
cache. The inef?ciency can be so bad that performance is 
almost as loW as if there had been no cache at all. The 
processor is only getting the bene?t of the burst reads and 
Writes to main system memory. 
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2 
As the processor executes an application program, it 

fetches instructions from the ICache. The ICache is respon 
sible for ensuring that the instructions being fetched are 
present in the cache and for reading instructions from the 
main memory, or a second level cache, When they are not 
present. The same is true for data in the DCache. The 
program causes the processor to read or Write data through 
the DCache, Which is responsible for fetching or ?ushing 
information from the main memory as needed. The cache 
may also pre-fetch from the main memory using various 
prediction algorithms in an attempt to minimiZe the amount 
of time that the processor has to Wait for instructions or data 
to be fetched into the cache. 
When the processor tries to read or Write an address, the 

cache must map the address to a cache line and determine 
Whether or not the cache line contains the requested infor 
mation. There are a number of algorithms for this mapping. 
One common algorithm is to use some number of loW-order 
bits from the address to form an index for the cache line. For 
example, if the cache line siZe is sixteen bytes and there are 
256 cache lines, then the loWer four bits of the address could 
be used as the byte address Within the cache line and the next 
eight bits could be used as the cache line index. Additionally, 
the set associativity comes into play. Given a mapping to a 
cache line, the cache must then check to see Which set the 
address has been mapped to. For a tWo-Way set associative 
cache With 256 lines, there are effectively 256 pairs of cache 
lines. 
The cache uses a single algorithm to map the requested 

address to a cache line, regardless of the number of sets, but 
the address could be placed in any of the sets Within that 
cache line. The cache usually contains extra information 
(tags) that determines Which set Within the cache line 
contains the requested address. The more sets there are in the 
cache, the more addresses it can map to a cache line Without 
causing existing data to be ?ushed. HoWever, given a 
constant total cache siZe, adding more sets Will decrease the 
number of cache lines. In other Words, an 8 k cache With 4 
sets Will have half as many cache lines as an 8 k cache With 
2 sets. 

If the requested information is present in one of the sets 
of the computed cache line, the cache provides the data to 
the processor, and everything proceeds at full speed. If the 
information is not present, the cache must block the proces 
sor as it ?lls one or more cache lines in order to satisfy the 
request. Filling the cache lines causes instructions or data 
already present to be ?ushed and/or discarded. 
As With most softWare and hardWare systems, the under 

lying architecture of an application is very important. Some 
programmers rely on the compiler and linker to do a 
reasonable job organiZing the application code in cache, and 
live With the results. In very special circumstances (With 
very small programs), the programmers may hand-code the 
application for ef?ciency in memory, CPU, and cache uti 
liZation. The programmers may choose to reWrite and re 
architect the softWare so that the important code is all in one 
module and is guaranteed to be adjacent and minimally 
overlapping in cache. Of course, this is not feasible for most 
systems and is extremely dif?cult and tedious in even the 
most limited of cases. 

In other Words, reWriting the code is an option for placing 
the performance critical functions in a monolithic ?le, 
ensuring cache e?icient code. HoWever, a code reWrite 
Would destroy the architecture, modularity, and ?exibility to 
use the softWare for other application domains, and increase 
the difficulty of maintenance. A code reWrite Would also 
cause unWanted delays in the product delivery schedule, as 
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well as increase the risk of introducing bugs. Additionally, 
this approach cannot accommodate code that is not imme 
diately part of a software application, such as third-party 
libraries and operating system components. Obviously, this 
approach is extremely undesirable. 

Therefore, what is needed is a way to ensure cache 
ef?ciency that overcomes the aforementioned problems. 

SUMMARY OF THE INVENTION 

The present invention enables compiled code within an 
application to be organized to ensure maximal cache effi 
ciency. The present invention can be implemented primarily 
with an instruction cache (ICache), but can also be used to 
optimiZe a data cache (Dcache). 

In an embodiment, the present invention includes a front 
end analysis program (“tool”) and a back-end processing 
stage, usually related to a linker. The tool takes input 
speci?ed by a user, and analyZes an application via the linker 
produced map ?le. The speci?ed input can be read from a 
con?guration ?le, and comprises cache parameters, optimi 
Zation parameters, and application parameters. Following 
the analysis phase, the tool recommends a number of solu 
tions representing an organiZation of the code that matches 
the speci?ed optimiZation parameters. A solution is then 
selected and fed back to the linker so that the ?nal applica 
tion has the best possible cache e?iciency. 

The cache parameters are speci?ed to determine the siZe 
and behavior of the cache. In an embodiment, the cache 
parameters include a total siZe in bytes, cache line siZe, set 
associativity, address-to-cache-line mapping algorithm, and 
set replacement algorithm. The cache parameters are speci 
?ed according to the processor and/or cache for which the 
application is being optimiZed. Each processor may have a 
different cache, which requires a separate analysis in order 
to ?nd the optimal solution. If creating and distributing 
multiple versions of the application is not feasible, a median 
or minimum con?guration for the cache parameters can be 
selected to ensure that the application is reasonably opti 
miZed for as many systems as possible. 

The optimiZation parameters are speci?ed according to 
the minimum acceptable level of ef?ciency. In some cases, 
there may not be a solution satisfying the required optimi 
Zation parameters, in which case the user is granted the 
option of relaxing the parameters or changing the code so 
that the desired solution is possible. As the optimiZation 
parameters are relaxed, the tool can ?nd solutions more 
easily and more quickly, on the average. 

The application parameters are speci?ed based on the 
characteristics of the application. The code must be analyZed 
to determine which functions are performance sensitive and 
need to be optimiZed for cache utiliZation. Such important 
functions can be identi?ed by using code inspection, logic 
analysis, pro?le or debug tools, or the like. Therefore, the 
tool requires a list of the functions of interest (and the object 
modules that contain them) so it knows what to look for in 
the application’s map ?le. As such, it is not necessary for the 
tool to know the structure or function of the code. Moreover, 
the tool can work with any kind of application and with 
numerous programming languages. 

Accordingly in an embodiment, the user speci?es a list of 
object modules and functions within those modules. The tool 
steps through all possible orderings of the object modules, 
and determines where the speci?ed functions would fall 
within the cache given the location of the function within the 
module. The tool continues reordering and checking func 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
tion locations until it ?nds a solution that matches or beats 
the speci?ed optimiZation parameters. 

It should be understood that the present invention is not 
limited to the use of a front-end analysis tool to ?nd the 
optimal code placement. In an embodiment using develop 
ment tools to support individual function placement, a 
development tool can be used instead of the front-end 
analysis tool. 

In another embodiment, a linker or some type of post 
processing stage can be used to place the important func 
tions such that they are adjacent to each other in cache. 
Up-front analysis, nonetheless, must be performed to deter 
mine which functions are important. 

BRIEF DESCRIPTION OF THE 
DRAWINGS/FIGURES 

The accompanying drawings, which are incorporated 
herein and form part of the speci?cation, illustrate the 
present invention and, together with the description, further 
serve to explain the principles of the invention and to enable 
a person skilled in the pertinent art to make and use the 
invention. In the drawings, like reference numbers indicate 
identical or functionally similar elements. Additionally, the 
leftmost digit(s) of a reference number identi?es the drawing 
in which the reference number ?rst appears. 

FIG. 1 illustrates an operational ?ow for optimiZing the 
organiZation of a cache memory according to an embodi 
ment of the present invention. 

FIG. 2 illustrates a cache memory according to an 
embodiment of the present invention. 

FIG. 3 illustrates an example of a cache memory exhib 
iting an inef?cient use of cache lines. 

FIG. 4 illustrates an example of a cache memory exhib 
iting a better use of cache lines, according to an embodiment 
of the present invention. 

FIG. 5 illustrates replacing a LRU set into the cache 
memory of FIG. 3. 

FIG. 6 illustrates fetching a function into a new LRU set 
of the cache memory of FIG. 3. 

FIG. 7 illustrates an example of a cache memory fetching 
a function into the cache memory of FIG. 3. 

FIG. 8 illustrates fetching a function into a LRU set of the 
cache memory of FIG. 4. 

FIG. 9 illustrates an example for analyZing an application 
and searching for optimum solutions, according to an 
embodiment of the present invention. 

FIG. 10 illustrates an example for iterating through all 
possible permutations for the optimization example shown 
in FIG. 9. 

FIG. 11 illustrates an example for evaluating the effi 
ciency of two permutations from the example shown in FIG. 
10. 

FIG. 12 is an example computer system useful for imple 
menting the present invention. 

FIG. 13 illustrates an operational ?ow for optimiZing the 
organiZation of a cache memory according to another 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is directed towards organiZing the 
contents of a cache memory to ensure maximal operational 
ef?ciency. Referring to FIG. 1, ?owchart 100 represents the 
general operational ?ow of an embodiment of the present 
invention. More speci?cally, ?owchart 100 shows an 
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example of a control How for optimizing information orga 
nized Within a cache. The present invention is described 
herein With reference to organizing compiled code Within an 
instruction cache (ICache) for an application program. HoW 
ever, the present invention can also be implemented to 
analyze and organize the use of a data cache (Dcache), or 
other types of memory. 

Referring to FIG. 1, the control How of ?owchart 100 
begins at step 101 and passes immediately to step 103. At 
step 103, a number of con?guration parameters are received 
as input. The con?guration parameters can be established by 
a system operator or user, and saved to a con?guration ?le. 
Subsequently, the con?guration ?le is accessed at startup to 
extract the con?guration parameters. In an embodiment, 
three types of con?guration parameters are speci?ed. The 
three types include cache parameters, optimization param 
eters, and application parameters. 

Cache parameters are generated from the characteristics 
of the cache being used. The cache parameters include the 
cache size, the cache set associativity, and the cache line 
size. Cache size speci?es the size of a particular ICache in 
kilobytes. For example, a value of eight means eight kilo 
bytes, or more speci?cally, 8192 bytes. 

Cache set associativity speci?es the number of sets in a 
particular ICache. The cache set associativity must be 
greater than or equal to one, and generally Will be a poWer 
of tWo (e.g., 2, 4, 8, etc). 

Cache line size speci?es the number of bytes in each 
cache line of a particular ICache. The cache line size is also 
generally a poWer of tWo. 

The cache parameters are speci?ed according to the 
processor for Which the application is being optimized. In an 
embodiment using multiple processors Where the cache for 
each processor is different, each cache for a processor Would 
require a separate analysis in order to optimize its organi 
zation. If an application is being optimized for multiple 
processors Where the cache for each processor is different, 
multiple versions of the application code can be created and 
distributed to each processor, With each version being opti 
mized for each processor and associated cache. 

If creating and distributing different multiple versions of 
the application code is not feasible, a median or minimal 
con?guration for the cache parameters can be selected to 
ensure the application is reasonably optimized for as many 
systems (i.e., caches) as possible. 
The number of cache lines for an ICache is calculated by 

the folloWing equation: 

NumberiOfiCacheiLines: 
(ICacheiSize+ICacheiS etiAssociativity+ICacheiLineiSize). 

Thus, for an eight kilobyte cache With a tWo-Way set 
associativity and a cache line size of sixteen bytes per line, 
the cache Would include 256 cache lines [i.e., (8192 bytes+2 
set associativities:4096 bytes per set associativity); and 
(4096 bytes per set associativity+16 bytes per cache 
line:256 cache lines per set associativity]. 

FIG. 2 illustrates an example of a cache 200 according to 
an embodiment of the present invention. The cache size for 
cache 200 is eight kilobytes. For each cache line in cache 
200, there are multiple mappings to addresses in the main 
memory (not shoWn). The loWer bits of the address (depicted 
as Y) are used as the byte offset into a cache line. The next 
bits form the index for each cache line number. The upper 
bits are not relevant to the cache line mapping. Any address 
With bits 4411 equal to 0 Will map to cache line 0. With 32 
bit addresses, this yields 220 or 1,048,576 addresses that Will 
map to each cache line. Because there are many mappings 
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6 
to each cache line, the cache must keep extra information 
(e.g., tags) that tells Which address has been loaded into each 
set of each cache line in order to determine Whether or not 
the cache line contains the desired information. As discussed 
above, although cache 200 depicts an instruction cache, the 
concepts and principals of the present invention also apply 
to DCache optimization. It should also be understood that 
cache 200, as described above, is an example for mapping 
addresses to a cache line index. Other mappings can be used 
and incorporated into the present invention, as Would be 
apparent to one skilled in the relevant art(s). 

Referring back to step 103 of FIG. 1, a second type of 
con?guration parameters includes optimization parameters. 
The optimization parameters are speci?ed according to a 
minimum acceptable level of ef?ciency. In some cases, it 
may not be possible to derive a solution satisfying the 
required optimization parameters, in Which case the user Will 
need to either relax the parameters or change the code so that 
the desired solution is possible. As the optimization param 
eters are relaxed, a solution can be determined more easily 
and more quickly, on average. 

In an embodiment, the optimization parameters include 
maximum-hits-per-cache-line, maximum-cache-lines-With 
maximum-hits, and a permutation threshold. The maximum 
hits-per-cache-line parameter speci?es the maximum num 
ber of addresses that can match or hit a cache line. The 
maximum-cache-lines-With-maximum-hits parameter speci 
?es the quantity of cache lines that are alloWed to reach the 
maximum-hits-per-cache-line value if the maximum number 
of hits on a cache line is greater than the cache set associa 
tivity, described above as a cache parameter. 

Finally, the permutation threshold speci?es When to stop 
looking for an optimum solution. The user may Want to do 
an exhaustive search for all solutions that match the opti 
mization parameters. HoWever, this can take a very long 
time. Alternatively, a search for an optimum solution can end 
after ?nding the ?rst solution that matches the ?rst tWo 
optimization parameters, mentioned above. Conversely, the 
searching can end after ?nding the best solution possible for 
the speci?ed application and cache parameters. 
The maximum-hits-per-cache-line parameter should be 

less than or equal to ICache set associativity, so that once the 
instructions or addresses have been loaded into the cache, 
they Will not need to be fetched into the cache line again. If 
the number of hits on a cache line exceeds the ICache set 
associativity parameter, the cache Will need to ?ush out one 
of the sets and fetch the addresses over and over as they are 
requested. HoWever, if the code is suf?ciently large, it Will 
not be able to ?t entirely Within the cache, and this parameter 
Will need to be relaxed. 

If the number of hits per cache line is alloWed to exceed 
the set associativity, the associated damage can be limited by 
keeping the maximum-cache-lines-With-maximum-hits 
parameter at a small value. This parameter ensures that the 
feWest possible cache lines have excessive hits. For 
example, if the cache is tWo-Way set associative and the 
maximum-hits-per-cache-line parameter is set to the value 
three, then setting the maximum-cache-lines-With-maxi 
mum-hits parameter to the value eight ensures that no more 
than eight cache lines Will be alloWed to have three hits. The 
remaining cache lines Will have tWo or less hits. With larger 
code, the maximum-cache-lines-With-maximum-hits value 
needs to be larger in order to ?nd a solution. 

The third type of con?guration parameters includes appli 
cation parameters, Which are speci?ed according to the 
characteristics of the application. The code is analyzed to 
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determine which functions are performance sensitive and 
need to be optimized for cache utilization. 

In order to make use of the most common features for the 
broadest possible selection of development tools, the present 
invention enables the code placement and ordering to be 
implemented at the level of object modules. As such, the 
user can specify, as an application parameter, a list of object 
modules and functions within those modules. In the real 
world, most linkers give the user little or no control over the 
placement of code at a higher level of granularity (i.e., 
specify the location and/or offset of each function within the 
application). 
One challenge in creating the application parameters is 

analyzing the code to determine which functions are impor 
tant for cache optimization and e?iciency. This can be done 
via any number of tools and processes, including, but not 
limited to, code inspection, logic analyzer captures of 
instruction fetches, pro?le or debug tools to analyze the code 
as it executes, and the like. For example, a logic analyzer can 
be used to capture SDRAM accesses, which can be corre 
lated to the speci?c functions and modules of the applica 
tion. 

At step 106, the application parameters are extracted 
from, for example, the con?guration ?le, to access the 
functions of interest (i.e., functions being performance sen 
sitive). 
At step 109, the list of functions and modules are used to 

search a map ?le and determine the starting and ending 
addresses of the functions. The location and size of the 
modules are also determined. The addresses are converted to 
o?‘sets because it is necessary to know only where the 
functions lie within the modules. Calculating offsets are 
described in greater detail below with reference to FIG. 10. 
At step 112, an ordering of the object modules is produced 

to determine where the speci?ed functions would fall within 
the cache given the location of the function within the 
module. As discussed in greater detailed below (at step 121), 
multiple orderings can be produced depending on the per 
mutations threshold. In an embodiment, the order of the 
object ?les in the con?guration ?le (at step 103) becomes the 
seed value for the ?rst permutation, which represents the 
?rst ordering. At each permutation, all previous permuta 
tions are tracked or recorded so that previous orderings are 
not repeated. 

At step 115, all of the modules are iterated to update the 
o?‘sets from each other. Similarly, the functions are iterated 
to set the start and end addresses based on where the 
modules are placed. 

At step 118, the e?iciency of the ordering is evaluated by 
iterating over each cache line and determining which func 
tions hit it. If the number of hits on a cache line exceeds the 
maximum-hits-per-cache-line parameter, the ordering is 
rejected. Alternatively, if no cache lines exceed this param 
eter, but there are too many cache lines meeting the maxi 
mum-cache-lines-with-maximum-hits value, the ordering is 
also rejected. If the ordering violates none of the optimiza 
tion parameters, the ordering is selected as a possible 
solution. 
At step 121, it is determined whether another permutation 

should be evaluated. According to mathematical counting 
and permutations, for any set of N items, there are N! (N 
factorial:N*N—l*N—2* . . . *3*2*1) permutations of those 

items that produce unique ordered sequences. This means 
that for ten object modules, there are just over 3.6 million 
permutations. For ?fteen object modules, there are around 
1.3 trillion permutations. For twenty object modules, there 
are over 2.4 million trillion permutations. As the complexity 
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8 
of the software increases, the number of modules tends to 
increase, which means that any non-trivial application is 
likely to have a large number of permutations to evaluate. 
This can take a long time, even on a very fast system. 
However, the permutations threshold can be set to reduce the 
number of permutations that must be evaluated and to speed 
up the processing of each permutation. Otherwise, the 
present invention keeps iterating until it reaches the last 
permutation, or is stopped by the user. 

At step 124, the best solution is selected from the set of 
permutations that matches or beats the speci?ed optimiza 
tion parameters. Therefore, the present invention continues 
reordering and checking function locations until it ?nds an 
optimum solution, or is stopped by the user. All optimiza 
tions are performed relative to an arbitrary base address 
which is based on the offset values. The actual base address, 
and thus the actual addresses of the functions and modules, 
does not matter. After the optimum solution is selected, the 
control ?ow ends as indicated at step 195. 
As described above, the e?iciency of each possible solu 

tion is evaluated by iterating over all cache lines. For each 
cache line, iterations must be performed on all functions to 
check the number of functions that hit the cache line. An 
alternative process for e?iciency evaluation is described 
with reference to ?owchart 1300 in FIG. 13. Thus, ?owchart 
1300 represents a general operational ?ow of another 
embodiment for optimizing information organized within a 
cache. 

Referring to FIG. 13, the control ?ow of ?owchart 1300 
begins at step 1301 and passes immediately to steps 
103*106 to establish and access a con?guration ?le, includ 
ing the cache parameters, optimization parameters, applica 
tion parameters, and the like, as described above. 

At step 1303, a list of structures, or the like, is built from 
the application parameters in the con?guration ?le and the 
information found in a map ?le. For each object module, a 
list of structures is built to include information about each 
function of interest in the object module. Each structure 
contains the offset of a function within the module, the size 
of the function, strings for the function, module names (e. g., 
for output), and placeholders for the starting and ending 
cache lines of the function. 

In an embodiment, adjacent functions within an object 
module are combined for increased speed or e?iciency. 
While building the list of structures, the module can be 
searched to identify the functions that are adjacent to each 
other. The adjacent functions are combined into a single, 
larger super-function, which has the bene?t of reducing the 
number of functions to be evaluated while producing results 
that are identical to what would be produced if the functions 
are handled separately. 

After step 1303, the control ?ow passes to step 112 to 
select an ordering of object modules, as described above. 

Then, at step 1309, iterations are performed over each 
object module in the selected ordering to calculate the 
module offset and the functions’ start and end cache lines. 
During the iterations, an offset is calculated for the start of 
the object module. The offset for the ?rst module set to “0,” 
and the o?‘sets of each following module is equal to the 
offset of the preceding module plus the size of the preceding 
module. 
As the offset of each module is calculated, iterations are 

performed on the information structures for each function 
(or merged super-function) in the module, which includes 
calculating the start and end cache lines for the function. The 
function’s start address is calculated using the module o?‘set 
plus the function o?‘set within the module. The function’s 
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end address is calculated as the start address of the function 
plus the size of the function. The start and end addresses are 
then used to calculate the start and end cache lines using the 
address-to-cache-line mapping algorithm, as described 
above. 

At step 1312, the e?iciency of the selected ordering is 
evaluated by iterating over the functions and tracking the 
number of hits. For each cache line, a counter is used to track 
the number of hits. In an embodiment, the counters are 
stored in an array, or the like, and indexed by the cache line 
number. 

For each permutation, the counters are cleared by setting 
them to zero. Then, for each function, the start and end cache 
lines are used to iterate over and increment the counters for 
each of the cache lines occupied by the function. If, during 
this iteration, the counters are found to exceed the optimi 
zation parameters, the iteration is stopped, and the permu 
tation is rejected. 

If none of the optimization parameters are violated after 
iterating over all of the functions, the permutation is 
selected. The permutation can be written to a ?le or output 
to a user. 

Afterwards, the control ?ow passes to steps 121*124 to 
evaluate other permutations and select the optimum solu 
tion, as described above. After the optimum solution is 
selected, the control ?ow ends as indicated at step 1395. It 
should be understood that the expressions “structure,” “list,” 
“counter,” and “array” are used herein for illustrative pur 
poses. Other techniques or methodologies for counting 
and/or tracking information can be implemented and are 
considered to be within the scope of the present invention. 
As can been seen, the control ?ow of ?owchart 100 

iterates over all functions once per cache line. However, the 
control ?ow of ?owchart 1300 evaluates only the cache lines 
occupied by each function, and iterates over the functions 
only once. As such, the permutations can be accepted or 
rejected more quickly. Also, by pre-calculating and storing 
the start and end cache lines, the amount of work and 
processing time can be reduced during the e?iciency evalu 
ation process. 

The control ?ow of ?owchart 1300 is also advantageous 
if the user seeks the best solution instead of stopping after 
the ?rst solution. As such, the user is able to update the 
optimization parameters so that the solution will converge 
more quickly, since the optimization parameters are tight 
ened with each acceptable solution that is found. This can be 
illustrated in the following example. 
Assume at step 103, the optimization parameters are 

initially set for four hits-per-cache-line, with a maximum of 
128 cache lines containing four hits. Also, assume that the 
best possible solution is two hits per cache line, with 192 
cache lines containing two hits. 

If it is discovered that after, for example, 250 permuta 
tions, all permutations exceeded ?ve hits-per-cache-line, 
except for one permutation, which has three hits on twenty 
?ve cache lines. The permutations exceeding ?ve hits would 
be rejected, and the one having three hits would be selected 
as being a possible solution. At this point, the optimization 
parameters can be automatically updated to match the cur 
rent solution, so that the next permutation that is considered 
acceptable must beat this. As described in greater detail 
below, a front-end analysis program is used in an embodi 
ment to perform the automatic updating. 
Assume that after 700 additional permutations, a solution 

is selected that has two hits on 220 lines. In this example, 
permutations are quickly skipped that would have been 
acceptable for the initial optimization parameters specifying 
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10 
four hits-per-cache-line, with a maximum of 128 cache lines 
containing four hits, but are no longer acceptable for the 
revised optimization parameters specifying three hits-per 
cache-line, with a maximum of 25 cache lines containing 
three hits. Furthermore, the optimization parameters can 
now be automatically updated to match the solution having 
the optimization parameters that specify two hits-per-cache 
line, with a maximum of 220 cache lines containing two hits, 
and continue the search for the optimum solution. 
The present invention works with the existing source code 

and software architecture. The present invention also works 
with components that are not part of the source code (such 
as operating components and third-party libraries). More 
over, the present invention is resilient to irrelevant code 
changes within the application, and is ?exible to accommo 
date di?‘erent applications and programming languages, as 
well as di?‘erent processor and/or cache architectures. 

In an embodiment, the present invention provides a front 
end analysis program (“tool”) and a back-end processing 
stage, usually related to the linker. The purpose of the tool 
is to take input speci?ed by the user (e. g., cache parameters, 
optimization parameters, and application parameters), and 
analyze the application via the linker produced map ?le. 
From the analysis, the tool recommends a number of solu 
tions that represent the organization of the code that matches 
or beats the speci?ed optimization parameters. In an 
embodiment, the tool calculates and recommends the best 
possible solution at startup. The solution is then selected and 
fed back to the linker so that the ?nal application has the best 
possible cache e?iciency. Knowledge of the structure or 
function of the code is not required by the tool to perform the 
optimization. Therefore, the present invention can be imple 
mented with any kind of application or numerous program 
ming languages. 

Given the cache parameters and the application informa 
tion read from the map ?le, the best possible solution is one 
in which the code completely ?lls the smallest number of 
sets across all cache lines. If the application is compiled and 
linked such that the most commonly used instructions or 
data all map to a small set of cache lines, the processor will 
be stalled for signi?cant periods of time as the cache 
struggles to keep ?lling the same cache lines. If the appli 
cation is compiled and linked such that the common instruc 
tions evenly ?ll all of the cache lines, cache e?iciency is as 
high as it can be, and the application appears to run much 
faster because the processor is not blocked as much. 

FIG. 3 and FIG. 4 provide an exemplary implementation 
of the present invention by showing an ine?icient use of 
cache and the best use of cache. In FIG. 3 and FIG. 4, it is 
assumed that the cache has only eight lines and that the 
application consists of three small functions, two of which 
are considered important and are optimized in cache. 

Even though both of these arrangements within cache are 
identically e?icient while running the most important code 
(i.e., Functions 1 and 2), FIG. 4 is more e?icient with respect 
to the entire system. FIG. 4 is more e?icient because most 
non-trivial applications will occasionally need to do some 
amount of other processing. In general, this processing will 
call functions that have not been optimized for cache utili 
zation and will almost certainly hit the same cache lines that 
contain some of the “important” code. When this occurs, the 
cache must block the processor as it ?lls one or more cache 
lines in order to satisfy the request for the functions that have 
not been optimized. Filling the cache lines causes some of 
the “important” code already present to be ?ushed and/or 
discarded. 
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The cache uses one of several possible algorithms to 
determine Which set of the cache line should be replaced. 
The most common algorithms are Least Recently Used 
(LRU) and Random. For LRU, the cache must inspect tag 
information for all sets in the cache line and determine 
Which one Was accessed least recently. This is the set that 
Will be replaced. For Random, the cache Will choose a set at 
random and replace it. 

In accordance With the present invention, the best possible 
solution is the solution that spreads the functions out among 
as feW sets as possible. This helps to ensure that less of the 
important code is ?ushed out of the cache When the other 
code runs. As a result, full ef?ciency can be reached again 
more quickly after returning to the important code. 

This can be illustrated With reference to FIG. 5 Where 
Function 3 is called periodically. It is assumed that an 
address-to-cache line mapping algorithm, or the like, is used 
to map an address for Function 3 to the cache lines. As 
discussed above, some number of loW-order bits from the 
address can be used as an index for a byte address Within a 
cache line. A number of loW-order bits from the address can 
also be used as a cache line index. Accordingly, it is assumed 
that the mapping algorithm implements a similar routine to 
map Function 3 to cache lines 2*5 in FIG. 5. 

Referring back to FIG. 3 based on the mapping algorithm, 
the cache Would need to ?ush out code from either Function 
1 or Function 2 on cache lines 2 and 3 in order to fetch 
Function 3. Later, When normal processing resumes, these 
cache lines Will need to be fetched again, as can be seen in 
FIG. 6 and FIG. 7. FIG. 5*FIG. 7 shoW the Worst case 
operation of a cache using the LRU replacement algorithm. 

With the organization represented in FIG. 4, Function 3 
could simply be loaded into the unused set for cache lines 
2*5, leaving the important functions untouched. This can be 
illustrated With reference to FIG. 8. As shoWn, once normal 
processing resumes, no additional cache fetches need to be 
performed. 

According to the present invention, the tool is able to 
calculate cache usage and e?iciency Without knowledge of 
anything else that might be running in the system, such as 
the absolute addresses of functions or modules or knowledge 
of Where code Will be fetched in the cache. This alloWs the 
tool to run in one pass, using any existing map ?le for the 
application. If this Were not the case, it Would potentially 
take numerous iterations in order to ?nd a solution. 

One-pass optimization is possible because the object ?les 
are arranged such that they are adjacent to each other, so that 
as any unrelated module elseWhere in the system changes 
location, all of the optimized modules change location or 
offset by the same amount. The real cache lines being used 
are irrelevant to the optimization. The only thing that matters 
is that the cache line mapping is correct and consistent for 
the o?fsets of the functions and modules relative to each 
other. 

It is critical for the back-end processing stage to ensure 
that the relevant modules can be made adjacent, so that the 
tool can operate on offsets. This also makes the optimization 
robust against irrelevant code changes. As other modules 
change in size, they Will simply shift the starting address of 
the optimized modules. Since the optimization relies only on 
the offsets, not on the absolute addresses, this has no impact 
on the optimization. 

FIG. 9 provides an example of the steps taken by the tool 
When analyzing the application and searching for solutions 
that match the optimization parameters, according to an 
embodiment of the present invention. FIG. 9 shoWs the 
startup and ?nal processing stages from steps 101*195 in 
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FIG. 1. The user sets up a con?guration ?le 902 With the 
parameters needed for the optimization run, and the tool 
reads this ?le at startup. The tool then reads a map ?le 90411 
for the application, and pulls out the information related to 
the modules and functions that Were speci?ed in con?gu 
ration ?le 902. The order of the object ?les in con?guration 
?le 902 becomes a seed value 906 for the permutations. 
When the tool starts up, it reads con?guration ?le 902 and 

map ?le 904a, and determines Whether or not a solution With 
the speci?ed optimization parameters is possible. In an 
embodiment, if a solution is not possible With the speci?ed 
optimization parameters, the tool Will display a message 
informing the user and abort the run, alloWing the user to 
change the parameters or the code. 

After the tool ?nishes running and outputs the desired 
solution, the user feeds this back to the post processing stage 
(usually the linker), Which creates the ?nal, optimized image 
(shoWn as map ?le 90419) With the module ordering recom 
mended by the tool. 

FIG. 10 shoWs the tool iterating through all possible 
permutations (shoWn as 906, 1002, 1004, 1006, 1008, and 
1010) of the three object modules, starting With seed per 
mutation 906. After calculating each permutation, the tool 
Will set the offset of the ?rst module to an arbitrary base 
(address 0), and then Will calculate the offset of each module 
that folloWs based on the size of the modules that come 
before it. 
Once the module o?fsets have been calculated, the tool 

Will calculate the start and end addresses for the interesting 
functions contained in the modules. This is used When 
evaluating the cache e?iciency. In FIG. 10, the assumption 
is that the only permutation satisfying the optimization 
parameters is the last one (i.e., 1010). 

FIG. 11 shoWs the tool evaluating the ef?ciency of tWo 
permutations (the seed 906 and the best 1010). After calcu 
lating the addresses of the functions, the tool iterates over all 
of the cache lines (in cache 200a and cache 2001)) and 
checks to see Which functions ‘hit’ them, using the cache’s 
algorithm for mapping addresses to cache lines, as described 
above With reference to FIG. 1. In another embodiment, the 
tool iterates over all functions to determine Which functions 
hit each cached line, as described With reference to FIG. 13. 
Upon determining the number of hits, the tool rejects the 

solution When the number of hits on a cache line (or the 
number of cache lines With maximum hits) exceeds the 
optimization parameters, as shoWn by seed permutation 906. 
The best permutation 1010 shoWs that none of the cache 
lines have excessive hits, and the number of cache lines With 
the maximum hits alloWed does not exceed the optimization 
parameters from the con?guration ?le. 

According to embodiments of the present invention, the 
tool can do an acceptable job With the existing source code, 
requiring no modi?cations at all. HoWever, the tool can often 
do a better job With minor changes to the source code. For 
instance, in order for the tool to analyze a function and 
optimize it, the function must be present in the map ?le. In 
the C/C++ programming languages, it is common to label 
local helper functions as static, removing them from the 
global namespace (and map ?le) so that external modules 
cannot call them in inappropriate Ways. If the static function 
needs to be optimized, it can be made non-static so that it 
shoWs up in the map ?le, or delineate it With public dummy 
functions at the beginning and end, and tell the tool to 
optimize the dummy function at the beginning. 

If a public function (i.e., one that is in the global 
namespace and the map ?le) is folloWed by non-public 
functions (static in C/C++), the tool Will not be able to 










